Although flow cytometry is useful for studying neural lineage relationships, the method of dissociation can potentially bias cell analysis. We compared dissociation methods on viability and antigen recognition of mouse central nervous system (CNS) tissue and human CNS tumor tissue. Although nonenzymatic dissociation yielded poor viability, papain, purified trypsin replacement (TrypLE), and two purified collagenase/neutral protease cocktails (Liberase-1 or Accutase) each efficiently dissociated fetal tissue and postnatal tissue. Mouse cells dissociated with Liberase-1 were titrated with antibodies identifying distinct CNS precursor subtypes, including CD133, CD15, CD24, A2B5, and PSA-NCAM. Of the enzymes tested, papain most aggressively reduced antigenicity for mouse and human CD24. On human CNS tumor cells, CD133 expression remained highest after Liberase-1 and was lowest after papain or Accutase treatment; Liberase-1 digestion allowed magnetic sorting for CD133 without the need for an antigen re-expression recovery period. We conclude that Liberase-1 and TrypLE provide the best balance of dissociation efficiency, viability, and antigen retention. One implication of this comparison was confirmed by dissociating E13.5 mouse cortical cells and performing prospective isolation and clonal analysis on the basis of CD133/CD24 or CD15/CD24 expression. Highest fetal expression of CD133 or CD15 occurred in a CD24 hi population that was enriched in neuronal progenitors. Multipotent cells expressed CD133 and CD15 at lower levels than did these neuronal progenitors. We conclude that CD133 and CD15 can be used similarly as selectable markers, but CD24 coexpression helps to distinguish fetal mouse multipotent stem cells from neuronal progenitors and postmitotic neurons. This particular discrimination is not possible after papain treatment. STEM CELLS 2007;25:1560 -1570 Disclosure of potential conflicts of interest is found at the end of this article.
INTRODUCTION
The analysis of neuroepithelial precursor cells is indispensable for studying the mechanisms controlling proliferation, mitotic arrest, and lineage commitment in the nervous system [1] . Neural stem cells are a subclass of precursor cells that exhibit (a) extensive self-renewal and (b) multipotency, the ability to generate neurons and glia. Clonal analysis is the standard method for measuring these defining characteristics. This can be performed in vitro by plating cells at limiting dilution, or both in vitro and in grafting studies by genetically marking individual cells within the larger population, such that all cells in a cluster can be identified as the clonal progeny of a single original cell [2] [3] [4] . Multipotency is measured by quantifying the variety of differentiated derivatives generated from an individual clone [2] . Although the isolation and manipulation of neural precursors has the potential to introduce artifacts in their behavior, the method is clearly valuable for understanding the basic biology of these cells. Furthermore, the ability to efficiently manipulate neural precursors offers therapeutic tools for either replacing cells that are lost because of neural degeneration [5] or targeting dysfunctional cells in central nervous system (CNS) tumors [6] .
Cell-surface antigen-based selection has allowed prospective isolation of subclasses of CNS and neural crest cells [7] [8] [9] [10] [11] . This method of enrichment is so named because the selectable property of the cell closely predicts cell function. Recent studies indicate that human CNS precursor cells expressing high levels of the surface antigen CD133 (CD133 ϩ/hi ), with little or no CD24 (CD24 Ϫ/lo ), had the highest frequency of initiating clones as measured by neurosphere formation [12, 13] . There is also evidence that these antigens are useful for characterizing similar subpopulations from rodent CNS [9, 14 -17] . High CD24 expression has been used to identify transit-amplifying cells [18] as well as differentiated neurons [19] , and CD24 is required for terminal differentiation of neuronal progenitors [20] . The antigen CD15, also known as LeX or stage-specific embryonic antigen 1 (SSEA1), has also been identified as a positive select-able marker for rodent multipotent neural stem cells [21] [22] [23] [24] . The polysialylated or embryonic form of NCAM (PSA-NCAM, E-NCAM) has been used to identify neuronally committed progenitors or immature neurons [7, [25] [26] [27] [28] [29] , whereas A2B5 has been used to prospectively isolate bipotent glial-restricted precursors [7, 10, 27, 30, 31] ; both cell types appear to be limited in self-renewal potential.
A critical step in flow cytometric analysis of the nervous system is the dissociation of tissue into single cells [32] . Many methods of cell dissociation have been successfully used on neural tissue, including nonenzymatic trituration [14, 33, 34] , papain [10, 11, 21, 24, [35] [36] [37] , trypsin [6, 12, 30, 38, 39] , and collagenase with either dispase [14, 27, 40] or other neutral proteases [41] . Nonenzymatic trituration has the disadvantage of killing large percentages of cells and leaving undissociated tissue, whereas crude enzymatic preparations can cleave important surface antigens. This hinders antibody titration and reproducible flow cytometric analysis. Proprietary reagents such as recombinant trypsin-like replacement (TrypLE [Invitrogen, Carlsbad, CA, http://www.invitrogen.com]) or collagenase/neutral protease (Liberase Blendzymes [Roche Diagnostics, Basel, Switzerland, http://www.roche-applied-science.com] or Accutase [Innovative Cell Technologies, San Diego, http://www. innovativecelltech.com]) solutions have been introduced to eliminate undefined factors and reduce lot-to-lot variability. However, the comparative effect of these different dissociation methods on the analysis of important selectable neural antigens is poorly understood.
Here, we compared a number of these dissociation methods on neural tissue for cell viability, dissociation efficiency, and retention of CD133, CD15, and CD24 antigenicity. We found that papain, Liberase-1, TrypLE, and Accutase efficiently dissociate mouse CNS tissue and human CNS tumors into single cells. Liberase-1 and TrypLE provide the best balance of dissociation efficiency, viability, and antigen retention. Using Liberase-1 dissociation, we characterize novel patterns of selectable marker coexpression in mouse fetal cortex; lateral, medial, and caudal ganglionic eminence; and postnatal subventricular zone. We also show that CD133 and CD15 expression closely parallel each other in mouse brain cells and can be used similarly for prospective isolation. However, the highest mean levels of CD133 and CD15 are expressed in neuronal progenitors rather than multipotent stem cells of the fetal mouse forebrain. Selection using CD24 coexpression enhances the discrimination of these populations, but this type of selection is limited by the manner of dissociation.
MATERIALS AND METHODS

Tissue Dissociation
Animal tissue was acquired using an approved protocol in accordance with Institutional Animal Care and Use Committee guidelines. Human pediatric tumor tissue was acquired using an approved protocol in accordance with institutional review board guidelines. Tissues included embryonic day 10.5 (E10.5) mouse cervical spinal cord; 13.5 mouse lateral, medial, and caudal ganglionic eminence (LGE, MGE, and CGE, respectively) and cortex; postnatal day 2 (P2) lateral ventricle wall; and human CNS tumor tissue acquired directly from surgery. Human tumor tissue was gently minced with a scalpel, whereas mouse tissue was left undisturbed before digestion. Initial comparisons were performed with E13.5 mouse LGE, where each LGE pair was resuspended in 1 ml of 1ϫ Hanks' buffered saline solution (HBSS; Ca 2ϩ /Mg 2ϩ -free, plus Hepes and 1.55 g/l glucose, without bicarbonate, pH 7.2; Invitrogen) containing 200 units/ml DNase I (Roche) and 1 mM MgCl 2 ; the exception was one LGE pair that was resuspended in growth medium (described later herein), one that was resuspended in purified collagenase/neutral protease cocktail in phosphate-buffered saline (PBS)/ EDTA (Accutase; Innovative Cell Technologies; used neat, one lot tested) and another LGE pair that was resuspended in a purified trypsin-like replacement in Dulbecco's PBS/EDTA (TrypLE Select; Invitrogen; used neat, two lots tested) along with DNase/MgCl 2 . To the remaining tubes, we added different concentrations of an highperformance liquid chromatography-purified collagenase/dispase cocktail (Liberase Blendzyme1; Roche; four lots tested, seven vials total) or papain (12 units/ml; Worthington, Lakewood, NJ, http:// www.worthington-biochem.com; two lots tested) that was preactivated as directed in 1.1 mM EDTA, 0.067 mM mercaptoethanol, and 5.5 mM cysteine-HCl for 30 minutes before addition. The absence of bicarbonate in the HBSS allowed dissections and incubations to be performed in a room atmosphere.
Samples were placed in a 37°C rotator oven during digestion. In some experiments, incubation times were varied for each enzyme preparation (highest concentration only for Liberase-1). Samples were then spun at 200g for 5 minutes, resuspended in fresh HBSS/ DNase/MgCl 2 without enzyme, and triturated with three rounds of eight passes through an ART 1000E pipette tip (Molecular Bioproducts, Inc., San Diego, http://www.mbpinc.com); a fourth round of trituration was performed with a flamed Pasteur pipette. After each round of trituration, the tissue was allowed to settle for 5 minutes, and the top 800 l of suspended cells were transferred into a new tube to avoid further disturbance. The combined cell suspensions for each group were spun down again and resuspended in medium appropriate for further use. On the basis of initial comparisons, the standard protocol for tissue digestion for multiple labeling and sorting became 30 minutes (fetal), 60 minutes (neonatal), or 90 minutes (human tumor) incubation with 200 g/ml Liberase-1, corresponding to 0.62 Wünsch unit (WU)/ml collagenase and 66.7 units/ml dispase. The final step of trituration with a flamed Pasteur pipette was eliminated because it introduced variability in the procedure.
In some instances, human tumor cells were dissociated after acquisition and grafted into nonobese diabetic/severe combined immunodeficiency (NOD/SCID) mice as previously described [6] , using an approved animal protocol. After 4 -12 weeks to allow tumor growth, tumor tissue was dissected and enzymatically dissociated before further analysis.
Flow Cytometry
For flow cytometry, cells were resuspended in flow cytometry buffer, consisting of 1ϫ HBSS, pH 7.2, containing 1.55 g/l glucose and 0.1% fraction V of bovine serum albumin (BSA; Sigma-Aldrich, St. Louis, http://www.sigmaaldrich.com). Cells were counted and diluted to a density of 10 6 cells per milliliter of buffer; all mouse analysis was performed with 100-l aliquots containing 1 ϫ 10 5 cells. For viability analysis, we added 300 l of 1.33ϫ Annexin buffer (diluted from 10ϫ stock) followed by 2 l of Annexin-V-APC (BD Biosciences, San Diego, http://www.bdbiosciences.com) and incubated at room temperature for 15 minutes; for the final 5 minutes of this incubation, we also added 7-amino-actinomycin-D (7-AAD, Invitrogen) to a final concentration of 50 ng/ml before analysis. Higher concentrations of either dye substantially shifted the fluorescence of the entire population and interfered with detection of other fluorochromes.
For Cells were analyzed on an FACSCalibur flow cytometer (BD Biosciences). Background fluorescence was measured using unlabeled cells and cells labeled with isotype control or secondary antibody alone; these set gating parameters between positive and negative cell populations. Cell aggregates and small debris were excluded from analysis or isolation on the basis of side scatter (measuring cell granularity) and forward scatter (measuring cell size); dead cells were excluded from analysis on the basis of viability dye fluorescence. Fluorescent intensities for cells in the population were point-plotted on two-axis graphs or histogram using CellQuest software (BD Biosciences).
Cell Sorting
Cells were filtered through a 70-m nylon mesh before final centrifugation, although filtration was not required after fetal tissue dissociation with Liberase-1, then resuspended in flow cytometry buffer. All sorts were performed on cells dissociated with 200 g/ml Liberase-1 (0.62 WU/ml collagenase and 66.7 units/ml dispase). Mouse cells were sorted on fluorescence-activated cell sorter (FACS), either a FACSAria (BD Biosciences) or an Influx (Cytopeia, Seattle, WA, http://www.cytopeia.com) sorter. Single viable cells were gated on the basis of Annexin-V exclusion and pulse width, and then physically sorted into collection tubes for limiting dilution plating. Postsort purity analysis was performed on aliquots from each sort group. FACSDiva (BD Biosciences) or FlowJo (http://www.flowjo.com) software was used for analysis. Human tumor cells were sorted by magnetic cell separation (MACS; Miltenyi Biotec) using both selection and detection antibodies against human CD133 (clone AC133/1-microbead and clone AC141-PE, as directed; Miltenyi Biotec).
Cell Culture and Clonal Analysis
Dissociated mouse cells were assayed for viability by trypan blue exclusion, plated onto fibronectin-coated tissue culture dishes, and cultured in 5% O 2 , 5% CO 2 in the presence of 20 ng/ml basic fibroblast growth factor (bFGF; R&D Systems) either acutely or added daily as previously described [2, 42] . For acute SMAD activation experiments on passaged cells, BMP2 (R&D Systems) was added at 10 ng/ml immediately after dissociation for 15 minutes; cells were then fixed in fresh 4% paraformaldehyde and permeabilized before staining for flow cytometry. For clonal analysis, sorted mouse cells were plated at 10 cells per mm 2 on coverslips, expanded for 4 days, and differentiated for 6 days as previously described [2, 42] . Immunofluorescence was performed using primary antibodies against MAP2aϩb (mouse, 1:500, Sigma-Aldrich), glial fibrillary acidic protein (GFAP; rabbit, 1:800; Dako, Fort Collins, CO, http://www.dako.com) and O4 (mouse, 1:100, Sigma-Aldrich), followed by fluorescent secondary antibodies (Alexa dyes; Invitrogen). Cells were counterstained with 4Ј-6-diamidino-2-phenylindole (DAPI) to measure total cell number. Staining was visualized by epifluorescence (BX60 upright microscope; Olympus, Tokyo, http://www.olympus-global.com), and images were compiled for figures using Photoshop 7.0 (Adobe, San Jose, CA, http://www.adobe.com).
RESULTS
Comparison of Mouse CNS Tissue Dissociation Methods
We compared several methods of dissociation using nonenzymatic buffers or increasing incubation times of four enzyme preparations: papain, purified trypsin (TrypLE), and two purified collagenase/neutral protease cocktails (Liberase-1 or Accutase). Initial comparisons were done with E13.5 forebrain tissue and extended to E10.5 mouse cervical spinal cord, which contains substantial numbers of proliferative precursors [24] . To assess viability, we incubated the dissociated cells with Annexin-V to identify early apoptotic cells and 7-AAD to identify late apoptotic and necrotic cells ( Fig. 1 ; Table 1 ). By flow cytometric analysis, we found that the poorest results came from dissociating the cells with growth medium or HBSS alone. In contrast, each of the four enzyme preparations greatly improved dissociation and viability, both in terms of percentage of the main population (intact cells) and the total population (all detected events, including debris). Cell aggregates, as measured by high forward scatter, were common in nonenzyme dissociated cells but minimal in the enzyme-treated preparations. Pulsewidth analysis of Liberase-1-treated tissue also verified a high efficiency of single-cell dissociation (supplemental online Fig.  1A, 1B) . Table 1 and supplemental online Table 1 for complete results. Abbreviations: 7-AAD, 7-amino-actinomycin-D; HBSS, Hanks' buffered saline solution.
Although papain and TrypLE were usually highly effective in dissociating tissue, they gave more variable results. On two occasions with papain and three occasions with TrypLE, we saw free-DNA aggregation even in the presence of DNase I, indicating substantial cell lysis. We could not definitively determine the cause of this variability. Two additional papain and one TrypLE sample could not be properly assayed by hemocytometer because of DNA aggregation and so were discarded. Accutase and Liberase-1 never generated free DNA aggregates. Flow cytometric viability agreed with trypan blue exclusion counts shortly after dissociation ( Table 1) . Viability of cells isolated with Liberase-1 stayed consistent after sequential primary and secondary antibody labeling, washing and up to 8 hours on ice postdissociation, which are typical durations when cell sorting (supplemental online Table 1 ).
Because CNS tissue dissociation is typically followed by in vitro culturing, we plated cells in monolayer culture to determine how plating efficiency was affected by dissociation method (supplemental online Fig. 1C-1F) . Nearly all cells adhered within 1 hour of plating, although papain and TrypLEtreated cells remained phase bright longer, suggesting weaker adhesion. Cells were counted 16 hours after plating to determine viability (supplemental online Fig. 1E ) and the number of clusters of three or more cells (unlikely to result from cell division; supplemental online Fig. 1F ). Treatment for 30 minutes with Liberase-1 or 30 -60 minutes with papain yielded the highest cell viability after plating. Although the majority (64%) of surviving HBSS-dissociated cells remained in clusters, all four enzyme treatments strongly reduced the number of clusters. Of these, Accutase left the most cell aggregates after the digestion and trituration process, even after 60 minutes of treatment. Although both Liberase-1 and Accutase are cocktails of collagenase and neutral protease, it is possible that differences in protease type or proprietary formulation could account for the different dissociation efficiencies. On the basis of these results, we conclude that all four enzymatic preparations yield efficient single-cell dissociation and viability compared with HBSS alone, with a rank order of papain Ͼ Liberase-1 Ͼ TrypLE Ͼ Accutase ϾϾϾ HBSS.
Titration of Antibodies to Mouse CNS Cell Surface Antigens
For assaying surface marker expression, we first used 30 minutes of Liberase-1 treatment to acutely isolate cells from E13.5 cortex and postnatal day 2 (P2) mouse lateral ventricle wall, which is enriched in multipotent stem cells and neuronal progenitors [43] . For each marker, we titrated the concentration of the antibody to optimally distinguish positive from negative cell populations. We identified distinct populations of mouse cells on the basis of the expression of CD133, CD15, CD24, A2B5, and PSA-NCAM (Fig. 2) . The importance of high viability to proper titration was underscored by the observation that dead cells preferentially bound anti-CD133, thereby saturating out the specific binding capacity of the antibody (Fig. 3A) . Tissue dissociation with Liberase-1 solved this problem by increasing cell viability (Fig. 3B) . Although all four enzymes preserved equivalent antibody recognition of CD133 and CD15 (not shown), papain completely eliminated staining for CD24, whereas Liberase-1, TrypLE, and Accutase preserved similar CD24 staining (Fig. 3C-3F) . Additionally, staining for BMP receptors IA and IB was lost after Liberase-1 or papain digestion (Fig. 3G-3J ); staining was not tested after TrypLE or Accutase treatment. Loss of BMP receptors was verified by the reduction of SMAD activation (measured by phospo-Smad1, -5, and -8 recognition) in cultured precursor cells after treatment with BMP2, which is known to efficiently induce neural crest-like fates in these cells [3, 44, 45] .
Comparison of Human CNS Tumor Dissociation Methods
We also tested the ability of these enzymes to dissociate human neural tissue. A solid high-grade glioma was divided with a scalpel and dissociated with Liberase-1, papain, TrypLE, or Accutase (Fig. 4A-4O) . Viability was high for all four treatment groups (Table 1) . Analysis of CD24 expression (Fig.  4F-4J) showed that TrypLE and Accutase yielded the highest number of CD24 ϩ cells (approximately 90%), whereas Liberase-1 yielded less (44%) and papain yielded greatly reduced CD24 ϩ numbers (14%). All four methods yielded CD133 ϩ cells (Fig. 4K-4O ), although the highest percentage came after digestion with Liberase-1 (62%) and the lowest came from papain (37%) and Accutase (35%). Liberase-1 effectively dissociated a wide variety of resected tumors (supplemental online Table 2) with minimal undissociated tissue, except when tumors contained necrotic tissue. In these cases, the necrotic portions failed to digest and thus did not affect the viability counts. Additionally, we were able to more effectively passage cultured tumor cells with Liberase-1 compared with Cell Dissociation Buffer, an HBSS-based buffer containing a calcium chelator (Table 1) .
Because CD133 expression is predictive of tumor reinitiating activity in some CNS tumors [6, 46, 47] , we used Liberase-1 to dissociate cells from a freshly resected pediatric atypical teratoid/rhabdoid tumor, and then immediately incubated cells with anti-CD133 conjugated to magnetic beads. A second PEconjugated anti-CD133 antibody was also used to label the same cells for postsort purity analysis by flow cytometry. CNS tumor cells could be easily distinguished from red blood cells on the basis of forward scatter (Fig. 4P , consistent with hemocytometer analysis) and showed an enrichment of CD133 ϩ cells from the total population after magnetic sort- ing (Fig. 4Q-4T ). This shows that Liberase-1 permits efficient and immediate separation of cell subtypes from human CNS tissue without the need for a recovery period for CD133 re-expression [6] .
CD133 and CD15 Coexpress in a Similar Manner in Mouse Forebrain
Previous studies have used high expression of CD133 or CD15 to enrich for multipotent mouse stem cells [17, 21, 23 ], but it is not known whether these markers identify the same cell type. Unlike human CNS cells [12, 13] , mouse CNS cells have not been assayed for CD133/CD15 coexpression, or for coexpression with other selectable markers such as CD24, a marker of the neuronal lineage [19, 20] . To address this, we dissociated E13. 5 LGE and P2 subventricular zone (SVZ), and then performed triple labeling with CD24, CD133, and either CD15, A2B5, or PSA-NCAM ( Fig. 5; supplemental online Fig. 2) .
From E13. 5 LGE, we found one distinct population (approximately two thirds of total) that expressed high levels of CD24 and no/low levels of CD15 or CD133 (i.e., CD15 lo/Ϫ CD133 lo/Ϫ CD24 hi ). A second distinct population centered on the high expression of CD15 and/or CD133 with low expression of CD24 (i.e., CD15 hi CD133 hi CD24 lo ). Within this second population, some cells expressed lower levels of CD15/CD133 but were not negative. Comparison of CD15 and CD133 expression indicated that most cells expressed similar levels of both antigens ( Fig. 5H; supplemental online Fig. 3A-3E ), suggesting that they identify similar cell types. However, there was a small but distinct CD15 hi CD133 lo CD24 hi population in both E13.5 LGE (Fig. 5F, 5I ) and P2 SVZ (supplemental online Fig. 2F, 2I ) that appeared repeatedly. We also triple labeled cells with CD133, CD24, and either A2B5, a glial progenitor marker [7, 10, 27, 30, 31] , or PSA-NCAM, a neuronal progenitor and neuron marker [7, [25] [26] [27] [28] [29] . Triple labeling with CD133, CD24, and A2B5 showed that A2B5 ϩ cells (approximately 20% in both tissues) were predominantly CD133 hi ( Fig. 5J-5L ; supplemental online Fig. 3F-3J ). Nearly all PSA-NCAM ϩ cells were CD133 lo and CD24 hi ( Fig. 5M-5O ; supplemental online Fig. 3K-3O ). Analysis of CD24 against increasing concentrations of CD133 and PSA-NCAM (not shown) showed that this distribution remained the same.
We then compared coexpression of CD133 and CD24 from other mouse E13.5 forebrain regions, including the cortex, MGE, and CGE (Fig. 5P-5R ). The LGE, MGE, and CGE are known to generate distinct interneuron derivatives and varying contributions of oligodendrocytes [48 -50] . We found that the general expression profile of CD133/CD24 expression was similar in each region, suggesting that it is conserved throughout the developing brain. However, the percentages of cells within each quadrant were different. We found that cortex, which is approaching its peak neuronal birth rate at this age [51, 52] , contained the largest proportion of CD133 hi CD24 lo and CD133 hi CD24 hi cells (Fig. 5P) . In contrast, the ganglionic eminences, which generate neurons on an accelerated schedule relative to the cortex [53, 54] , had comparatively few of these cells but much larger numbers of CD133 Ϫ CD24 hi cells (Fig. 5F , 
CD133/CD24 and CD15/CD24 Coexpression Similarly Distinguish Fetal Mouse Forebrain Stem Cells from Neuronal Progenitors and Neurons
In E13. 5 LGE, the most highly CD133-/CD15-expressing cells often expressed high levels of CD24 (Fig. 5F, 5I ). This was even more pronounced in E13.5 cortex (Figs. 5P, 6A ), which has a high rate of new neuronal birth at this stage [51] . This expression pattern is surprising because highest expression of CD15 alone [21, 23] , or lowest expression of CD24 [9] , has been used to enrich for stem cells. In contrast, enrichment of postnatal cerebellum stem cells with CD133 showed many CD133 ϩ cells expressing other lineage markers [17] . To investigate differences in potency among these cells, we freshly dissociated E13.5 mouse cortex with Liberase-1, prospectively isolated cells based on CD133 (or CD15) versus CD24 expression ( Fig.  6B-6D ; supplemental online Fig. 4) , and performed in vitro clonal analysis.
Cell division in the presence of bFGF could easily be visualized within the first 16 hours because of the "mirroring" behavior of daughter cells (Fig. 6E) , which allowed extrapolation of how many initially plated cells survived and divided (Fig. 6F-6G) . Notably, CD133
-/lo CD24 hi cells did not divide; these cells had extensive fine filopodia that distinguished them from the short process-bearing dividing cells. Cells sorted on the basis of CD15/CD24 expression showed similar plating and clonal efficiencies (supplemental online Fig. 4G, 4H ) to those seen after CD133/CD24 sorting, further supporting the contention that CD133 and CD15 expression predicts similar mouse cell populations.
After differentiation by bFGF withdrawal, we performed quadruple staining of cells for MAP2aϩb (neurons), GFAP (astrocytes), O4 (oligodendrocytes), and DAPI (total nuclei) and classified clones into seven types (Fig. 6H-6N) that contained nearly all astro-oligo fates (type 6) or neuronoligo fates (type 7). Although both CD24 lo quadrants generated three-fate clones, CD133 lo CD24 lo and CD15 lo CD24 lo cells generated a higher proportion of type 4 clones, whereas CD133 hi CD24 lo cells generated higher numbers of type 5 and 7 clones. Similar results were found after CD15/CD24 selection, although type 7 clones also were generated from the CD15 hi CD24 hi population (Fig. 6O) . On the basis of these results, we conclude that CD133/CD24 and CD15/CD24 expression can be used in a similar manner to predict mouse CNS precursor potency. Interestingly, the cell fraction enriched in clone-forming neuronal progenitors expresses higher levels of CD133 and CD15 than does the cell fraction enriched in multipotent stem cells. CD24 expression distinguished mouse fetal stem cells from postmitotic neurons and their progenitors; however, treatments that degrade CD24 expression (such as papain; Fig. 3 ) prevent such functional characterization.
DISCUSSION
Methods of neural tissue dissociation vary widely and lead to differences in dissociation efficiency and viability as measured by flow cytometry [32, 35] . We find that papain, or purified preparations of trypsin replacement (TrypLE) or collagenase/ dispase/neutral protease (Liberase-1, Accutase), each yield efficient dissociation of mouse CNS tissue and human CNS tumors into single cells that remain viable for long periods of time before culture. Liberase-1 or TrypLE work best on mouse and human tissue based on the balance of dissociation efficiency, viability, and preservation of tested antigens. Papain most aggressively degrades CD24 antigenicity, whereas Accutase preserves antigenicity but is least efficient in dissociation; however, we could not rule out that even longer Accutase incubation times might yield more complete digestion. Using Liberase-1 dissociation, we identify novel patterns of selectable marker expression in mouse fetal cortex, LGE, MGE, CGE, and postnatal SVZ. We also show that CD133 and CD15 expression closely parallel each other in mouse brain cells and are roughly interchangeable for prospective isolation, unlike that reported in human brain [41] . Interestingly, a neuronal progenitor population expresses higher levels of CD15 and CD133 than multipotent stem cells of the fetal mouse forebrain. Coexpression with CD24 enhances the discrimination of these two populations, indicating that Liberase-1, TrypLE, and Accutase have an advantage over papain for this type of analysis in mouse.
In human CNS tissue studies, cruder preparations of trypsin can cleave important cell surface antigens such as CD133, requiring a recovery period for antigen re-expression [6] . We find that all four tested enzymatic methods efficiently dissociate human tumor tissue while preserving CD133, although Liberase-1 preserves antigenicity the best. Consistent with studies in various tissues [35, [55] [56] [57] [58] , there were differences in the aggressiveness of each enzyme preparation. First, papain and TrypLE sometimes generated free DNA during dissociation, suggesting cell lysis. Second, mouse and human CD24 staining was greatly reduced after papain treatment, whereas BMPR-IA and BMPR-IB were both rendered antigenically and functionally inactive after either Liberase-1 or papain digestion (TrypLE and Accutase were not tested). However, this last effect may be a useful property in mouse and human embryonic stem (ES) cell applications, where levels of BMP signaling are critical determinants of pluripotency [59, 60] . Suspended aggregate (neurosphere) cultures are often difficult to dissociate into single-cell suspensions without killing a substantial proportion of the cells. We found that viability and efficiency of passaging tumor cultures, in monolayer or in suspended aggregates, worked well with Liberase-1 ( Table 1) . TrypLE also worked well for this purpose, whereas papain yielded poor viability (not shown). Mouse cell passaging from fibronectin-coated dishes was not facilitated by Liberase-1 when compared with nonenzymatic passaging (not shown). We did not compare the effectiveness of these enzymes in passaging mouse neurospheres.
The high viability of cell dissociation also allowed us to perform multiantigen analysis with high confidence that results are representative of the cell types in the tissue. Our results show that CD133 and CD15 can be used almost interchangeably along with CD24 to distinguish mouse multipotent stem cells from neuronal progenitors and postmitotic neurons. Interestingly, we find that the cells expressing the highest levels of CD133 and CD15 are more likely to be neuronal progenitors than multipotent stem cells. In contrast, we find that P2 SVZ has fewer CD133 hi CD15 hi CD24 hi cells, which may be why selection on the basis of CD15 alone works for enriching multipotent stem cells from postnatal SVZ [21] . We did not test this by comparative prospective isolation and clonal analysis using these markers to determine the profile of neuronal progenitors from P2 SVZ cells. Although neuronal progenitors (type A cells) in the postnatal SVZ express CD24 [18] , they may express lower levels of CD133 or CD15 than do neuronal progenitors in the E13.5 cortex. Alternatively, these may be a distinct subset of neuronal progenitors from PSA-NCAM ϩ neuronal progenitors [7, 25, 28] , which we show are nearly all CD24 hi and express little or no CD133/CD15. In our hands, these cells showed almost no proliferation in either bFGF (Fig. 6) or epidermal growth factor (EGF) (not shown); however, it is quite possible that our stringent medium does not support the survival of these cells. Additionally, a CD133 lo CD24
hi neuronal progenitor may be better responsive to other mitogens such as Sonic Hedgehog [17] .
Our results show that multipotent fetal cells are enriched in the CD24 lo fraction, similar to results in adult SVZ [9] , but that there is heterogeneity in the resulting clone types. Three-fate clones enriched in oligodendrocytes (types 6 -7) were most frequently generated from CD15 hi CD24 lo and CD133 hi CD24 lo cells. Because we see that many cells in this region also express the glial-committed progenitor marker A2B5 (Fig. 5K) [7, 10, 27, 61] , this suggests that CD15 hi A2B5 hi selection will enrich for type 6 or 7 clone-forming cells. We found another interesting heterogeneity within the CD24 lo population: Cells expressing lower levels of CD15 and CD133 preferentially generated threefate clones with simple bipolar morphologies and weak staining for neuronal and glial markers. In contrast, cells expressing higher levels of CD15 and CD133 more frequently generated three-fate clones with extensive processes and stronger cell-type marker staining. Although we have yet to determine lineage relationships between these precursors, one intriguing possibility is that CD133 lo CD15 lo CD24 lo cells are a more primitive multipotent cell population than CD133 hi CD15 hi CD24 lo cells. Consistent with this idea, the majority of neurospheres from postnatal SVZ comes from CD24 lo/Ϫ transit-amplifying type C cells rather than type B stem cells; expansion in EGF promotes multipotency in these type C cells [18] . Likewise, fetal cortical CD133 hi CD15 hi CD24 lo cells may retain potency that they do not exhibit in vivo, whereas the CD133 lo CD15 lo CD24 lo population may be stem cells both in vitro and in vivo. It is also possible that bFGF and EGF may differentially expand or instruct [62] [63] [64] [65] these cell subgroups. Our future studies will test these possibilities.
In summary, we show that the flow cytometric analysis of the important neural antigens CD133, CD15, and CD24 are affected by the manner of dissociation. Although nonenzymatic dissociation does not digest antigens, this method is not useful for flow cytometric analysis since poor viability prevents proper titration of antibodies like CD133. We show that CD24 antigenicity, which is retained during Liberase-1, TrypLE, or Accutase treatment but lost during papain treatment, provides a useful discrimination between mouse fetal multipotent stem cells, neuronal-committed progenitors and neurons when paired with CD133 or CD15. These results reinforce the importance of comparing multiple methods of dissociation when characterizing novel selectable markers in future neural lineage studies.
